Many alien species become invasive because they lack coevolutionary history with the native community; for instance, they may lack specialized enemies. These evolutionary advantages may allow the invader to establish and persist when rare within a community and lead to its monodominance through positive frequency dependence, i.e. increasing per capita population growth rate with increasing frequency of conspecifics. However, this advantage could degrade through time due to evolutionary and ecological changes in the invasive and native plant and microbial communities. We investigated survival rates and individual biomass as proxies for per capita population growth rates for the invasive grass, Microstegium vimineum, across a gradient of conspecific frequencies (10-100% relative cover of M. vimineum) within 12 sites that varied in time since invasion. We expected M. vimineum frequency dependence to become more negative and its proxies for population growth at low conspecific frequency to decline across invasion history. We also explored the belowground fungal community associated with M. vimineum, since we hypothesized that changes in M. vimineum population dynamics may result from shifting microbial interactions over time. Microstegium vimineum frequency dependence changed from negative to neutral across invasion history and the shift was driven by a decline in survival at low frequency. Changes in M. vimineum root fungal community were associated with time since invasion. Our results do not support a shift in frequency dependence from positive to negative across invasion history. However, our results suggest M. vimineum populations may be less prone to persist at older invaded sites and thus more vulnerable to management intervention.
Introduction
Many alien species may gain an advantage over the native species due to a lack of coevolutionary history with the invaded community [1] . This evolutionary advantage could come in the form of novel weapons like plant allelochemicals [2] [3] [4] , escape from specialized pests and pathogens [5] [6] [7] , or unique niche requirements [8] [9] [10] . These advantages could allow invasive species to establish and then outcompete native species, and indeed invasive plants are commonly a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 superior competitors [11] and are associated with decreases in diversity and abundance of native plants from local communities [12] , even if they do not cause range wide native extinctions [13] .
However, it remains unclear whether the dominance by invasive species will be stable over time or shift to coexistence between the invader and native species. A shift to coexistence could occur if the invasive species' evolutionary advantage degrades through time as both the invasive and native species evolve post-introduction and/or ecological changes occur [14] [15] [16] . Specifically, pathogen accumulation could reduce this advantage [17] and larger pathogen loads or more negative net plant-soil microbial interactions have been found on plant species with older introduction dates [16, [18] [19] [20] .
In order to establish in a new community, an introduced species must have a positive population growth rate when rare (i.e. at low conspecific frequency) [21, 22] . Furthermore, high per capita population growth rate when rare will act to buffer the invader's population from local extinction, and promote spatial spread through the local area. On the other hand, if the invader's per capita population growth rate is low (zero or negative), then the population will not be able to increase from its initial founding, and will be vulnerable to extinction when population density declines [22] . If high per capita population growth rates for invaders derive from evolutionary novelty, this effect may weaken over time as the invader accumulates greater interactions with community members, such as pests and pathogens. This reduction in growth rates could make the population more vulnerable to management intervention that reduces its frequency within a community.
While per capita population growth rate at low frequency determines whether an introduced species can establish, its ultimate relative abundance depends on frequency dependence. Whether an invasive plant can become monodominant or coexist with native plants depends on how its per capita population growth rate changes with conspecific frequency. An invasive plant that has positive frequency dependence (i.e. increasing per capita population growth rate with increasing frequency of conspecifics) would have the potential to form a monoculture. On the other hand, an invader with negative frequency dependence would have a population that equilibrates at a frequency where both natives and itself can persist, since per capita population growth rate decreases with increasing frequency of conspecifics. Since species interactions, especially with specialized enemies, are important sources of negative frequency dependent effects on host populations [22] [23] [24] [25] , evolutionary novelty may allow invaders to experience neutral or positive frequency dependence initially. However, if species interactions accumulate through time frequency dependence could become more negative.
The primary objective of this study was to investigate whether there was evidence for changes in frequency dependence and individual plant performance at low frequency (as relative proxies for per capita population growth rate in this annual species) for invasive Microstegium vimineum across invasion history. We predicted that M. vimineum frequency dependence would become more negative and performance at low frequency would decrease across time since invasion. We chose to study M. vimineum because it has invaded a wide area in eastern North America mainly through "natural" dispersal (i.e. not intentional planting), and has a simple annual lifestyle that allows a more direct link between individual performance and population dynamics.
The enemy release hypothesis has not been tested on M. vimineum, however aboveground accumulation of fungal pathogens that decrease M. vimineum performance have recently been reported in the invasive range [26] . In this study, we were specifically interested in the alteration of belowground interactions with soil microbes. Plant-soil feedbacks can become more negative with increasing time since invasion [16, 20] and this could affect the invader's per capita population growth rate and frequency dependence. Therefore, our secondary objective was to identify any changes in the belowground fungal community that were correlated with invasion history and potentially affecting individual performance and frequency dependence of M. vimineum. We predicted that there would be changes in the fungal community directly associating with M. vimineum across invasion history.
Materials and methods

Study system
Microstegium vimineum is a C4, Asian annual grass. It was first collected within its invasive range in the United States near Knoxville, TN in 1919 [27] . It is a shade tolerant invader in eastern forests in the US [28, 29] . Microstegium vimineum reduces native plant biomass and diversity [30] [31] [32] , suppresses tree seedling regeneration [33, 34] , and is associated with changes in nutrient cycling and soil microbial communities [35] [36] [37] [38] . Multiple mechanisms have been proposed for M. vimineum invasion success, including evolution post invasion [39] , alteration in nutrient cycling [40, 41] , and disturbance [42] [43] [44] .
Map of invasion history
We created a map of M. vimineum invasion history across the eastern United States using ArcMap in ArcGIS 10.1 (Fig 1) . We created a database of M. vimineum collection dates and locations by contacting herbaria across the eastern US. We divided the eastern US into a 0.1 latitude by 0.1 longitude grid and assigned the oldest collection date to each cell, totaling 542 points. If a cell did not have an assigned date we left it blank. Using these data, we created a spatial kriging layer of invasion history.
We used the kriging function in ArcMap to interpolate estimated invasion ages based on the herbarium records. We used ordinary kriging, which assumes there is a constant trend between distance and the relationship between points, because we had no scientific explanation for using a model in which the trend varies across the landscape [45] . We used an exponential model to describe the spatial autocorrelation between points, which we determined as the model of best fit using the semivariogram [45, 46] . The kriging layer used the simplest model of invasion history, which excluded anisotropy (directional spatial autocorrelation), and had the appropriate lag size (43,500) and lag number (20) , equaling about half of the largest distance between points (1,740,000 m) when multiplied together. The layer used the standard search neighborhood, with a maximum number of 5 points and a minimum number of 2 points within each of the 4 sectors that were at a 45˚offset, to calculate predicted values from points.
To conclude whether the kriging layer was an appropriate interpolation surface for the data provided we explored its prediction errors. The average difference between the measured and predicted values was 0.0403 years, indicating that our predictions are relatively unbiased. The standardized mean prediction error was 0.0019, which is appropriately close to 0 [45] . The root mean squared standardized error was 0.9586 which is close to 1, meaning the prediction standard errors are valid. The root mean squared prediction error was 15.8590 and indicates how close the model predicts the actual point values. The average estimated prediction standard error was 16.6453. Since the root mean squared prediction error and the average estimated prediction standard error were similar and the root mean squared standardized error was close to 1, we concluded that the kriging layer was appropriate [45] .
Site and plot design
We then used the map to choose 12 sites that varied in M. vimineum time since invasion (Fig  1) . The sites ranged from an estimated invasion age of approximately 11 to 49 years. These estimated invasion ages are most likely underestimates due to herbaria specimens' collection dates more likely representing when a species becomes more abundant rather than initial establishment date. Exact invasion age estimates are difficult to acquire, but using herbaria collection data is excellent for comparative studies across large spatial and temporal gradients. We sampled at each of these sites twice, once at the end of May (spring) and then at the end of September (fall) 2012. At each site we established 8 1m 2 plots in an area invaded by M. vimineum. We chose invaded areas for the study based on size-the area had to be at least 16m at its longest distance and at least 1m across. At sites CNF and BEF we were unable to locate invaded areas that met the size requirement, therefore we only established 4 plots at each of these sites. We randomly selected the plots along a transect of the invaded area. The transect went through the invaded area at its longest length and ranged from~8m (at CNF and BEF) to~150m. Plots varied from a minimum of 1m apart to a maximum of 18m apart. We randomly selected the first 6 plots and then, if necessary, intentionally chose the last 2 plots to try to maintain a range of percent cover of M. vimineum. We did this at each site so we could explore frequency dependence within sites. In the study, we had a total of 88 plots. At all 8 plots at each site we measured variables that could potentially affect individual plant performance, frequency dependence, or be associated with time since invasion. We measured environmental variables, such as canopy openness and soil nutrients, to make sure any patterns we found in frequency dependence and individual plant performance across time since invasion were not confounded with other factors. At both sampling time points, within each plot we took percent cover estimates of 4 categories; grass/sedge, woody, herbaceous, and M. vimineum. We measured % canopy openness over each plot using hemispheric photographs taken with a digital camera (Canon EOS Rebel T3) with a fish eye lens (Opteka). The camera was held level 1m above the center of the plot. We analyzed the photos using Gap Light Analyzer software [47] .
Soil nutrients
During spring sampling, we collected soil from the top 10cm within each plot and oven dried it to analyze general nutrients (pH, P, K, Ca, Mg, MN, Zn) as well as total % nitrogen (N) and carbon (C) and the C:N ratio. We measured nitrate (NO 3 -) and ammonium (NH 4 + ) in each plot by placing 20 g wet mass of mixed bed ion exchange resin (Rexyn™ 300 (H-OH) Beads (Analytical Grade/ Certified), Fisher Chemical) in the field for the duration of the study (~4 months). (see S1 Protocol for complete soil nutrient methods)
We condensed the 12 soil nutrient variables (pH, P, K, Ca, Mg, MN, Zn, N, C, C:N ratio, NO 3 -, NH 4 + ) using a principal components analysis (PCA), the prcomp function, in R version 3.2.1 [48] . We used PCA axes 1, 2, and 3 in analyses, which explained 41.39%, 23.27%, and 13.19% of the total variation in the soil nutrient variables respectively, for a total of 77.85% of the variation explained. Total % N, Mn, Zn, and total % C had the highest loadings on PC1 of -0.4095, -0.4004, -0.3838, and -0.3784 respectively. K, Ca, Mg, and pH had the highest loadings on PC2 of 0.5790, 0.4719, 0.4443, and 0.3791 respectively. C:N ratio, NO 3 -, Mg, and Ca had the highest loadings on PC3 of 0.4749, 0.4531, -0.3747, and 0.3565 respectively. (see S1 Table for the loadings of the 12 soil variables onto PCA axes 1-12).
Root fungal community
During the spring sampling, we collected M. vimineum roots from each plot to perform terminal restriction fragment length polymorphism analysis (T-RFLP) of the general fungal and arbuscular mycorrhizal fungal (AMF) community (see S1 Protocol for complete root fungal community methods).
Estimating frequency dependence
During the spring sampling, we randomly tagged 5 M. vimineum individuals in each plot (n = 88) by zip tying them to metal stakes. In the fall sampling, we collected the aboveground biomass of any of the 5 individuals present, oven dried them at 60˚C, and weighed their final biomass. Individuals that were gone from their marked spot were recorded as dead. We calculated the proportion of survivors as the number of live plants recovered at the end of the experiment divided by the total number of originally marked plants (5) , and the average individual biomass of just live plants (g) as the total biomass of all recovered plants divided by the number of recovered plants. There is some possibility that plants that died before the fall sampling may have produced some seed, but this is probably very rare since M. vimineum usually starts to produce seeds in the fall (late September/early October) [49, 50] . Six plots were not relocated and are thus excluded from our analyses. The frequency of M. vimineum within each plot was calculated by dividing M. vimineum % cover by the total % cover of all plants, since % cover is a common, non-destructive metric used to estimate frequency and population dynamics [51] . We chose to explore both survival and individual biomass as proxies for per capita growth rate since both represent vital rates (survival, fecundity) that can have key roles in the population dynamics of an annual plant. Individual biomass is a reasonable predictor of seed production in this species (n = 68, R 2 = 0.6668, unpublished data).
Statistical analysis
Is frequency dependence associated with time since invasion?. To test whether M. vimineum frequency dependence changed with time since invasion, we regressed the proportion of survivors or the average living biomass of M. vimineum individuals within each plot against M. vimineum frequency, time since invasion, and their interaction and used site as a random effect and bootstrapped 95% confidence intervals (CI). Since frequency dependence is measured by the change in per capita fitness with increasing con-specific frequency in a plot, changes in frequency dependence across time since invasion would be depicted by a significant interaction between M. vimineum frequency and time since invasion. We ran a generalized linear mixed model with a binomial distribution when proportion of survivors was the dependent variable (n = 82) and a linear mixed model when it was average living biomass (n = 74). If we found a significant interaction between frequency and time since invasion within a model, we also used the estimate of the time since invasion main effect to understand how survival/ average biomass at low frequency was associated with time since invasion, since the regression estimate reflects how time since invasion is associated with the variable at an M. vimineum frequency of 0.
A significant interaction between frequency and time since invasion could result from several distinct patterns: 1) a change in survival/biomass at high, but not low, frequency, 2) a change at low, but not high, frequency, or 3) opposite changes at high vs. low frequency. To examine which pattern drove a significant frequency by invasion history interaction, as well as to directly explore plant performance at low frequency across time since invasion, we used generalized linear models and likelihood ratio tests (LRT) to test whether M. vimineum survival changed across time since invasion in only high frequency or only low frequency plots (n = 12 for each subset). We chose the highest and lowest frequency plots from each site. For high frequency plots, frequency ranged from 0.55 to 0.90 in the spring, and 0.86 to 1 in the fall. For low frequency plots, frequency ranged from 0.10 to 0.43 in the spring and 0.11 to 0.77 in the fall. The four models, either using the highest or lowest frequency plots in spring or fall, included M. vimineum frequency as a covariate, since this varied among sites even in these subsets.
To visualize the changes in the relationship between M. vimineum survival and frequency across time since invasion we created a contour plot. We used a generalized linear model with a binomial distribution and proportion of survivors as the dependent variable with time since invasion, M. vimineum frequency, and their interaction as explanatory variables to create the response surface.
Is frequency dependence associated with other environmental variables?. To be confident that the pattern of frequency dependence changing across time since invasion, shown by a significant interaction between frequency and time since invasion for per capita survival, was not confounded with environmental variables, we used forward and backward stepwise regression and Akaike information criterion (AIC) to examine whether frequency dependence was changing across time since invasion, latitude (as a proxy for climatic gradients), soil nutrient PC axes (1-3), and % canopy openness. We focused on survival data only, since patterns across frequencies appeared to be driven primarily by differences in survival rather than growth of surviving plants. For our full model we regressed the proportion of survivors within each plot against M. vimineum frequency, each variable, and their interaction (n = 77), using a generalized linear model with a binomial distribution. We calculated the correlation coefficient (r) between each pair of variables used in the full model to make sure no variables were highly correlated (r > 0.5) We then explored the estimates of the parameters maintained in the final regression model.
As before, we analyzed high and low frequency subsets to further understand any patterns in the relationship between survival and frequency (frequency dependence) across environmental gradients (latitude, soil nutrient PC axes, % canopy openness). We used generalized linear models and LRTs to test whether M. vimineum survival changed across any environmental variables in only high frequency or only low frequency plots (n = 12 for each subset, except for soil nutrient PC axes n = 11). Because frequency still varied among sites within these two subsets, all models included M. vimineum frequency as a covariate.
All the above statistical analyses were ran with both spring and fall frequency estimates, since we were unsure which would have a larger effect on M. vimineum per capita population growth rate. Results for both frequency estimates were similar, therefore we only present our results using the spring frequency estimates.
Are changes in the fungal/AMF community correlated with time since invasion?. Using a permutational MANOVA through the adonis function in the vegan statistical package in R version 3.2.1, we tested whether changes in the root general fungal/AMF communities were associated with time since invasion. The fungal community operational taxonomic units' (OTU) proportional abundances for each plot were averaged for each site to run these analyses (n = 12). If a fungal community was significantly associated with time since invasion we also tested whether it was associated with latitude, soil nutrient PC axes 1-3, and % canopy openness. If the community was significantly associated with any environmental variable as well as time since invasion we then included both factors in a model to be confident that the relationship between fungal community composition and time since invasion was not confounded with other factors.
Results
Is frequency dependence associated with time since invasion?
Frequency dependence changed with time since invasion when the proportion of survivors was used as the dependent variable, shown by a 95% CI that did not overlap 0 for the interaction between M. vimineum frequency and time since invasion (CI = 0.0281-0.2261, Table 1 ). Survival decreased with increasing frequency of M. vimineum at younger invaded sites and was similar across all frequencies at older invaded sites (Fig 2) , due to a decline in survival at low frequency across invasion time. This pattern is evident in the negative estimate for the main effect of time since invasion (-0.0738, Table 1 ), which in our models reflects the effect of invasion history at low frequency. Additionally, when we subsetted the data to include only high or low frequency plots, survival decreased across time since invasion at low M. vimineum frequency (LRT = 6.0360, P = 0.0140, S2 Table) , but there was no such relationship across high frequency plots (S2 Table) . The interaction between M. vimineum frequency and time since invasion had a 95% CI that overlapped 0 when we used average living biomass as the dependent variable (CI = -0.0088-0.0132, Table 1 ).
Is frequency dependence associated with other environmental variables?
The correlation coefficients ranged from 0.00-0.38 for the variables included in the full model for the stepwise AIC (S3 Table) . When we included time since invasion, latitude, soil nutrient Table 2) . When we subsetted the data, survival declined across latitude and PC axes 2 and 3 and increased across PC axis 1 at high M. vimineum frequency (S2 Table) . Survival at low M. vimineum frequency increased across % canopy openness (S2 Table) .
Is the fungal/AMF community changing across invasion time?
Changes in the general fungal community on M. vimineum roots were associated with time since invasion (P = 0.040, R 2 = 0.1481) and % canopy openness (P = 0.021, R 2 = 0.1615). When we included time since invasion in the model with % canopy openness, time since invasion maintained its significant association with the general fungal community composition on 
Discussion
Over time invasive species may lose the ecological advantages they gain due to their evolutionary novelty in a community [14] [15] [16] . We proposed that this phenomenon would manifest in population dynamics of the invader: namely, that over time invasive populations would develop stronger regulation, via more negative frequency dependence, and/or reduced ability to persist when rare. Understanding how population dynamics change as the population increases or decreases in frequency are crucial to predicting whether a species will come to dominate an area at the exclusion of other plant species, decline to local extinction in the community, or persist while allowing the coexistence of other species [21] [22] . Our results support the latter prediction (reduced ability to persist when rare), but not the former (more negative frequency dependence), and suggest that over time M. vimineum populations may become more prone to local extinction. The decrease in survival at low frequency could not be explained by co-varying environmental gradients, but patterns in fungal communities on M. vimineum roots across time could be related to declines in survival. Frequency dependence of survival shifted from negative to neutral with increasing time since invasion across our 12 sites. This change in frequency dependence across time since invasion was partially explained by other environmental variables. Contrary to our hypothesis, these results provide no evidence for accumulation of negative frequency dependence through invasion time. At recently invaded sites survival was negatively correlated with frequency of M. vimineum, suggesting negative frequency dependence. At older invaded sites the relationship was neutral with similar survival across all frequencies, suggesting neutral frequency dependence. However, this neutral pattern resulted from low survival across all frequencies. Microstegium vimineum seedling survival to reproduction is an important component of lifetime fitness, affecting its recruitment ability and thus the per capita population growth rate [52] . Survival to reproduction is especially important at low M. vimineum frequency due to the necessity of having individuals present to produce seed and maintain the population. Microstegium vimineum survival at low frequency was negatively correlated with time since invasion, as we hypothesized. This suggests that M. vimineum per capita population growth rate at low frequency is declining through invasion time, decreasing its ability to persist when rare within a community [21, 22] . A population could compensate for declining survivorship if the per capita fecundity of the survivors increased, due to the release from intraspecific competition. However, we did not observe any evidence for this compensation when we analyzed the average living biomass as a proxy for fecundity [49] . Rather, the final biomass of surviving plants was unrelated to invasion history. This suggests that whatever is driving the change in the ability of M. vimineum to persist when rare is taking place at earlier stages of development, rather than during biomass accumulation. Although the negative frequency dependence of M. vimineum survival at more recently invaded sites suggests coexistence between it and other plant community members, this does not rule out the possibility of it being a dominant invader. The recent populations still may be able to reach high frequency and be a dominant community member, while the other community members persist at low frequency. Due to the scope of our study we cannot determine this, but this study does suggest that M. vimineum has more potential to be a dominant community member at recently invaded sites compared to older invaded sites, where this is less likely due to lower survival rates across all frequencies.
The strength and direction of frequency dependence was also associated with latitude, soil nutrients, and % canopy openness. Generally, for the soil nutrients frequency dependence was neutral at low soil nutrients and then negative at high soil nutrients, driven mainly by a decline in survival rates at high frequencies in higher soil nutrients. Patterns of frequency dependence for soil nutrients may have resulted from greater self-thinning at more productive sites [53] , since M. vimineum individual performance tends to positively respond to increased soil nutrients [54] . A decline in survival at high frequency may not harm M. vimineum's population since conspecifics could compensate for the loss in seed production. Across low and high % canopy openness frequency dependence was more neutral due to similar increases in survival at both high and low frequencies as % canopy openness increased. Frequency dependence was neutral at low latitudes and negative at higher latitudes. This pattern was driven by a decrease in survival at high frequency at higher latitudes. A shift in the relative importance of intraspecific resource competition (leading to self-thinning at high frequency) relative to natural enemies (leading to low survival at all frequencies) from high to low latitudes could explain this pattern [55] . Unlike the decline in survival at low frequency with time since invasion these other environmental gradients show patterns in survival mainly at high frequency (see S2  Table) , suggesting that there are different underlying processes for the pattern across time compared to the patterns across the other variables. Importantly, even when controlling for these environmental variables the pattern of decreasing survival with increasing time since invasion was maintained.
One possible mechanism for the decline in M. vimineum's survival with invasion time is an accumulation of a more antagonistic soil community [16, 20] . We observed a change in the general fungal community on M. vimineum roots across invasion time but not specifically in the AMF community. Other fungal guilds in the root fungal community include pathogens, saprotrophs, and endophytes, and it is unclear which of these groups was driving fungal community changes across time. Although we cannot determine if the changes in fungal community composition across sites directly contributes to the reduced survival of M. vimineum individuals, the change in the M. vimineum root fungal community across invasion history is an interesting pattern and its connection to M. vimineum population dynamics through invasion history deserves future exploration. An alternative mechanism for a decline in an invader's survival across invasion history could be an accumulation of aboveground enemies [18, 56] . However, we found minimal evidence, in the spring or fall, of aboveground herbivory/ pathogen infection on M. vimineum at the 12 sites used in this study (5.5% and 1.6% of all tagged individuals visually inspected in spring and fall respectively). Another possible explanation for the pattern is evolved improved competitive ability of the native plant community through time [57] , which could be explored in future M. vimineum studies.
Our results suggest management of M. vimineum will be more successful at older invaded sites. Multiple management options are used against M. vimineum including herbicides and physical removal [58] , all with the goal of local eradication (removal) or control. All options would be more effective at older invaded sites due to the decline in M. vimineum survival (and likely per capita population growth rate) at low frequency. At younger invaded sites, interventions that reduce M. vimineum populations to low frequency within the community may be counteracted by its high per capita population growth rate when rare. On the other hand, a reduction in M. vimineum populations may lead to local extinction due to low survival at low frequency at older invaded sites. Future studies that examine M. vimineum control across time since invasion could benefit management efforts.
Conclusion
Our results are consistent with other studies that suggest the invasive advantage, gained from lacking coevolutionary history with the invaded community, can degrade through invasion time [14] [15] [16] . Our data demonstrate changes in the relationship between survivorship and frequency for M. vimineum over a scale of decades, that would benefit native plant species in the community. Although our study does not define a clear mechanism for the decline in survivorship of M. vimineum across time, our data suggests that the belowground fungal community could be a driver, which is consistent with studies on other species [16, [18] [19] [20] , and calls for further exploration of this potential mechanism. Our study adds to the current literature by focusing on the invader's key vital rates across invasion time, which will ultimately determine population dynamics and persistence. Understanding how an invader's population dynamics change through invasion time is vital to predict its long-term impact and design the most effective management strategies. 
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